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Abstract
This is a contribution paper from the Double Chooz (DC) experiment to
the special issue of Nuclear Physics B on the topics of neutrino oscillations,
celebrating the recent Nobel prize to Profs. T. Kajita and A.B. McDonald.
DC is a reactor neutrino experiment which measures the last neutrino
mixing angle θ13. The DC group presented an indication of disappearance
of the reactor neutrinos at a baseline of ∼1 km for the first time in 2011
and is improving the measurement of θ13. DC is a pioneering experiment
of this research field. In accordance with the nature of this special issue,
physics and history of the reactor-θ13 experiments, as well as the Double
Chooz experiment and its neutrino oscillation analyses, are reviewed.
Keywords: Double Chooz, neutrino, neutrino oscillation, reactor neutrino,
θ13
1. Introduction
It is exciting that Profs. T. Kajita and A.B. McDonald are awarded
the Nobel prize in physics for the discovery that neutrinos have finite mass,
through neutrino oscillations. It is an evidence that the studies of the neu-
trino oscillation are appreciated for having considerably deepen our under-
standing of the nature.
✩To be printed in Nucler Physics B, Special Edition (2016).
DOI: 10.1016/j.nuclphysb.2016.04.008
Preprint submitted to Elsevier July 10, 2018
In short, Prof. Kajita’s study was detecting atmospheric neutrino oscilla-
tions [1] and measurement of neutrino oscillation parameters, θ23 and ∆m
2
32.
Prof. McDonald’s study was identifying the transformation of the flavors of
solar neutrinos [2] and measurement of θ12 and ∆m
2
21. The Double Chooz
(DC) experiment detects another type of neutrino oscillation using reactor
neutrinos at a ∼ 1 km baseline and is measuring a neutrino mixing param-
eter, θ13. This article is to explain the Double Chooz experiment as a part
of the special issue of the Nuclear Physics B, for celebrating the Nobel prize.
The physics and history of the θ13 measurement, an overview of the Double
Chooz experiment and its results on the neutrino oscillation measurements
so far are summarized in the following sections.
2. Neutrino Oscillation and θ13
Neutrino oscillation is a phenomenon that a certain neutrino flavor peri-
odically transforms to other flavor state. For the two flavor case, if there is
a transition between νe and νµ, just like the transition between flavor eigen-
state quarks, d′ and s′, the state equation of the neutrinos can be expressed
effectively as [3]
i
d
dt
(
νe
νµ
)
=
1
γ
(
µe τ
∗
eµ
τeµ µµ
)(
νe
νµ
)
, (1)
where τeµ = |τeµ|e
iφ is the amplitude of the νe ↔ νµ cross-transition and µe
and µµ are the amplitudes of the self-transition to the original states νe ↔ νe,
νµ ↔ νµ. In other words, µe and µµ are the original masses of νe and νµ in
case τeµ = 0. γ is the Lorentz factor which represents the time dilation of
the ultra relativistically moving neutrino system. As a result of Eq. (1), the
mass eigenstate of the neutrino, ν1 and ν2, becomes a mixture of νe and νµ:(
|ν1〉
|ν2〉
)
=
(
cos θ −e−iφ sin θ
eiφ sin θ cos θ
)(
|νe〉
|νµ〉
)
, (2)
where θ is called the mixing angle. The relations between the mixing angle,
neutrino masses m1, m2 and the transition amplitudes are
tan 2θ =
2|τeµ|
µµ − µe
and
(
µe
µµ
)
=
(
cos2 θ sin2 θ
sin2 θ cos2 θ
)(
m1
m2
)
. (3)
The mixing angle is a measure of the ratio of the cross-transition amplitude
and the difference of the original masses. µe and µµ correspond to the ob-
servable mass1 of the νe and νµ states, respectively, which means that µe has
1If we measure the mass of the νe state, the expectation value is m1 cos
2 θ+m2 sin
2 θ.
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been measured to be smaller than ∼2 eV by direct neutrino mass measure-
ments [4].
The oscillation probability of νµ → νe appearance at baseline L can be
calculated as
Pνµ→νe(L) = sin
2 2θ sin2
m22 −m
2
1
4Eν
L, (4)
using Eq. (1) with γ = Eν/mν , where mν = (m1 + m2)/2 is the average
neutrino mass. Eq. (4) is the 2-flavor neutrino oscillation formula often used.
For the quark case, the flavor transition is caused by the Yukawa cou-
pling to the Higgs field. However, the transition amplitudes for neutrinos
are extremely smaller than those of quarks and what causes these transi-
tions is not known yet. The standard model has to be expanded to include
this phenomenon. New physics may show up through these transitions. For
example, they may transform neutrino to antineutrino, resulting in the Ma-
jorana neutrino state, or may transform known neutrinos to 4th neutrino,
which is called sterile neutrino, etc.
For three flavor neutrinos, the mixing is expressed by the Maki-Nakagawa-
Sakata-Pontecorvo (MNSP) matrix, which can be parametrized by three mix-
ing angles θ12, θ23, θ13 and one imaginary phase δCP:
UMNSP =

1 0 00 c23 s23
0 −s23 c23



 c13 0 s13e
−iδCP
0 1 0
−s13e
iδCP 0 c13



 c12 s12 0−s12 c12 0
0 0 1

 ,
(5)
where sij = sin θij and cij = cos θij . By fitting the results of various neutrino
oscillation experiments, the following neutrino oscillation parameters have
been calculated for the normal mass hierarchy 2 case [5].
sin2 2θ12 ∼ 0.85, sin
2 2θ23 ∼ 0.98, sin
2 2θ13 ∼ 0.09, δCP ∼ 1.4pi
∆m221 ∼ 7.5× 10
−5eV2, |∆m232| ∼ |∆m
2
31| ∼ 2.5× 10
−3eV2,
(6)
where ∆m2ij = m
2
i −m
2
j . Although the absolute neutrino mass is not known,
if we assume m3 > m2 > m1 ∼ 0, it is possible to calculate the transition
amplitudes as [3],

µe τ
∗
eµ τ
∗
eτ
τeµ µµ τ
∗
µτ
τeτ τµτ µτ

 ∼

 3.8 1.4 + 4.5i −4.4 + 5.1i1.4− 4.5i 25 21
−4.4− 5.1i 21 30

meV. (7)
2If m1 < m3, it is called normal mass hierarchy and if m1 > m3, inverted mass
hierarchy.
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To understand what causes this kind of transition is a central issue of the
neutrino oscillation studies.
The next important targets of the neutrino oscillation experiments are
to detect CP violation and measure δCP. The physical CP violation effect is
proportional to the Jarlskog invariant [6]:
J = s12c12s23c23s13c
2
13 sin δCP. (8)
For the quark case, although δCP is large, the quark mixings are small and
the Jarlskog invariant is also small, Jq ∼ 3×10
−5. Therefore, it is considered
to be difficult to explain the matter dominance of our universe by the CP
violation of the quarks. For the neutrino case, the Jarlskog invariant is
calculated as
Jν ∼ 0.12c13 sin 2θ13 sin δCP ∼ 0.036 sin δCP (9)
and if δCP is large, Jν is expected to be large enough to cause the matter
dominance by transferring the CP violating effects to the baryon asymme-
try 3. Therefore, the measurement of CP asymmetry in the lepton sector is
particularly important now. δCP in (6) was obtained assuming the standard
three flavor oscillation scheme. However, the CP violation effect has to be
measured model-independently, from the difference between an oscillation
and its CP-inverted oscillation. One promising way to detect the CP vio-
lation is to measure the asymmetry of the oscillation probabilities between
νµ → νe appearance and νµ → νe appearance in long-baseline accelerator
experiments using the relation:
ACP ≡
P (νµ → νe)− P (νµ → νe)
P (νµ → νe) + P (νµ → νe)
∼ −
0.087
sin 2θ13
sin δCP. (10)
Therefore, the value of θ13 is an important parameter to discuss about the fea-
sibility of the future experiments. In addition, as will be explained in the next
section, there are some more complications in an actual ACP measurement.
The reactor based θ13 measurement can greatly reduce such complications.
The Double Chooz reactor neutrino experiment started aiming to measure
the last unknown mixing angle θ13 and solve those issues.
3. A Brief History of Double Chooz and Reactor θ13 Experiments
Regarding the history of neutrino oscillations, the atmospheric neutrino
anomaly, that was the ratio of νµ/νe being significantly less than the naive
3For example, see [7].
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expectation, was already reported in 1980’s by Kamiokande, IMB and Soudan
groups 4. If neutrino oscillation, νµ → νe, caused the small νµ/νe ratio, its
CPT inverted oscillation νe → νµ should have taken place at the same L/E.
For reactor νe, whose energy is a few MeV, the oscillation was expected to
appear at a baseline of few km 5.
In 1990’s, the Chooz experiment in France and Palo Verde experiment
in the U.S.A. tried to measure the reactor neutrino oscillation at such base-
lines [9], where the oscillation probability at the oscillation maximum is ex-
pressed as
P (νe → νe) = 1− sin
2 2θ13. (11)
Since both experiments could not observe significant deficit of the reactor
neutrinos, θ13 was known to be small by the end of 1990’s [10],
6
sin2 2θ13 < 0.1. (12)
Meanwhile, SuperKamiokande reported an evidence of the atmospheric neu-
trino oscillation in 1998 [1] and the neutrino was proven to have finite mass
and mixing. This achievement led to the 2015 Nobel prize. The data also in-
dicated that the νµ → νe component of the atmospheric neutrino oscillation
is small, which was consistent with the small θ13
Being θ13 small, the reactor measurement was thought to be disadvanta-
geous since it is a measurement of the small neutrino deficit while a few %
of uncertainties are included in both the expected reactor neutrino flux and
absolute measurement of the flux. Therefore, after the Chooz and Palo Verde
experiments, θ13 was expected to be measured by the appearance experiments
at accelerators [12] using the relation
P (νµ → νe) ∼
1
2
sin2 2θ13. (13)
This oscillation formula bases on the assumption that the solution of the
solar neutrino problem is the Small Mixing Angle solution with very small θ12.
However, in 2002, SNO group showed the evidence of the solar neutrino flavor
transition and KamLAND group showed a large reactor neutrino deficit at
an average baseline of ∼180 km [2, 13]. The SNO results also led to the 2015
Nobel prize. These results, together with other solar neutrino experiments,
4A good review can be seen at [8].
5At that time, the measured ∆m232 value was several times larger than the current one.
6Results from experimental groups are based on the two flavor oscillation scheme, but
some papers performed three flavor analysis [11].
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concluded that the solar neutrino oscillation parameter is the Large Mixing
Angle solution and showed that θ12 is large and ∆m
2
21 is not so small,
sin2 2θ12 ∼ 0.8, ∆m
2
21 ∼ 8× 10
−5eV2. (14)
This observation had not been expected by many physicists and changed the
prospects of the neutrino oscillation studies. If we use the observed oscillation
parameters (14) and possible θ23 uncertainty, the νe appearance probability
(13) becomes
P (νµ → νe) ∼ sin
2 θ23 sin
2 2θ13 − 0.04 sin 2θ13 sin δCP. (15)
This formula shows an important implication that if θ13 is not so small, there
is a possibility to measure δCP in future long-baseline accelerator experiments.
Therefore, the measurement of θ13 became all the more important, from the
mere measurement of a basic parameter to a measurement of the future
possibility of detecting the leptonic CP violation.
However, in real experiments, the accelerator neutrino oscillation is af-
fected by the earth matter effect and if it is included, the νe appearance
probability (15) becomes more complicated:
P (νµ → νe) ∼
sin2 θ23 sin
2 2θ13
(1− ρmL)2
− 0.04
sin 2θ13
(1− ρmL)
sin δCP, (16)
where ρm comes from the matter effect. If the neutrino energy is set so
as to perform the experiment near the ∆m232 oscillation maximum, |ρm| ∼
0.15[/1000km]. The sign of ρm depends on either the neutrino beam is νµ
or νµ. Therefore, ρm introduces a fake CP asymmetry. The sign of ρm also
depends on the mass hierarchy (sign of ∆m232) and the fake CP asymmetry
can not be corrected without knowing the mass hierarchy. The sin2 θ23 term
introduces another ambiguity, called θ23 degeneracy problem, to the oscilla-
tion probability. Therefore, it is difficult to pin down all the ambiguities and
to measure the θ13 and δCP by accelerator experiments only.
Meanwhile, Mikaelyan et al. [14] proposed the near-far detectors concept
to reduce the systematic uncertainty significantly for reactor based θ13 mea-
surement in 1999 and solved the problem of the disappearance measurement.
Minakata et al. [15] pointed out the complementarity of the reactor and ac-
celerator based θ13 measurements in 2003 and motivated the significance of
the reactor measurement of θ13. Huber et al. [16] made thorough study of the
sensitivities of the reactor θ13 measurement with the near-far scheme in 2003
and evidenced the effectiveness of the synergy with accelerator experiments.
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For reactor neutrino case, even if the values in Eq. (14) are used, the
oscillation probability does not change from Eq. (11),
P (νe → νe) ∼ 1− sin
2 2θ13 +O(10
−3). (17)
Therefore, it is possible to measure θ13 by reactor neutrino experiments with-
out ambiguities and it is ideal to measure θ13 by reactor experiments and
combine with the accelerator data to resolve the ambiguities that intrinsi-
cally exist in the CP asymmetry measurement. Since this type of experiments
were expected to produce very important physics result with much less cost
compared with accelerator based experiments, as many as thirteen projects
were once proposed.
Double Chooz [17] is one of the pioneering projects among them inher-
iting the Chooz experiment. In February 2003, the Double Chooz made
the first presentation in an international conference, NOON03 at Kanazawa,
and in October 2003, there was the first world-wide reactor θ13 workshop,
Future Low Energy Neutrino Workshop, at Munich and a white paper was
published [18] based on the discussions there. In that workshop, the four
layers detector concept was proposed by Double Chooz and KASKA groups
and methodology of the high precision reactor θ13 experiment was mostly
established.
In March, 2004, at the midst of the Low Energy Neutrino Workshop
in Niigata, the Double Chooz project was approved by the French funding
agency. At that time there were six proposed projects world-wide, Double
Chooz [19], Kr2Det [20] in Russia, KASKA [21] in Japan, Diablo Canyon [22]
and Braidwood [23] in the U.S.A., Daya Bay [24] in China. Eventually, Daya
Bay and newly proposed RENO [25] in Korea were funded also. By the
year of 2006, Kr2Det, Braidwood [26] and KASKA joined Double Chooz and
Diablo Canyon joined Daya Bay and finally the three projects proceeded with
the construction of the detectors.
At the same time, accelerator based θ13 project, T2K, was being prepared
in Japan and the first neutrino beam was produced in 2009. Although the
big earthquake hit north of Japan in March 2011, the T2K group successfully
reported an indication of 4.5 νµ → νe appearance events in June 2011 [27]
using the data taken before the earthquake and showed 0.03 < sin2 2θ13 <
0.34(90% CL) assuming δCP = 0. Soon after that MINOS presented their νe
appearance result and showed θ13 > 0 with 89% C.L. [28].
The Double Chooz group reported an indication of reactor νe disappear-
ance with the far detector data in November 2011 at LowNu2011 conference
in Korea and the result, sin2 2θ13 = 0.086 ± 0.041 was published in March
2012 [29]. Daya Bay experiment published high precision θ13 result using
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near and far detectors, sin2 2θ13 = 0.096 ± 0.017, in March 2012 [30] and
the RENO experiment followed it showing sin2 2θ13 = 0.113 ± 0.023 [31].
Since then, the accuracy of θ13 is being improved and its value is playing an
important role in the neutrino oscillation studies.
Fig. 1 shows an example of the strong synergy effect of the reactor and
accelerator experiments. The overlap of the allowed regions indicates that
the normal hierarchy and sin δCP = −1 are slightly preferred. This kind
of discussion could not be made if there were only one type of experiment.
Using the measured θ13, it has become possible to calculate the baseline
dependence of the νµ → νe appearance probability with the matter effect
at the oscillation maximum (E/L = ∆m232/2pi) as shown in Fig. 2. The
relation of T2K and NOvA results can be clearly comprehended from this
figure. A similar calculation can be made for ACP as shown in Fig. 3. The
data from long-baseline accelerator experiments with different baselines can
be combined along a line to measure sin δCP and the mass hierarchy at once.
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Figure 1: Synergy of the reactor and accelerator experiments. Horizontal axis is
sin2 2θ13 measured by reactor experiment and vertical axis is νµ → νe appearance
probability measured by accelerator experiment. The parabola regions are calcu-
lated using Eq. (16), assuming sin2 θ23 = 0.5 and the T2K baseline. The solid
parabola is for Normal Hierarchy and the dashed parabola is for Inverted Hierar-
chy. The shaded areas are 1σ bands of Daya Bay [32] and T2K [33] experiments.
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4. The Double Chooz Experiment
4.1. The Detector
Since the νe → νe disappearance probability expected was ∼10 % or
less, it was necessary to design the neutrino detector in such a way that
the νe deficit can be measured with an accuracy of ∼ 1% level. Therefore,
several techniques which significantly reduce the systematic uncertainties are
employed in the Double Chooz detector.
Double Chooz experiment uses the underground laboratory, which was
used for the Chooz experiment, for the far detector. The rock overburden
is ∼300 meter-water equivalent. Fig. 4 shows a schematic view of the Dou-
ble Chooz detector [35]. The central part (i) is the neutrino target which
Figure 4: Double Chooz detector. From inner to outer, (i) Neutrino target scin-
tillator, (ii) γ-catcher scintillator, (iii) Buffer oil, (iv) PMT array, (v) Inner muon
veto scintillator and (vi) Outer muon veto counter.
consists of a Gadolinium (Gd)-loaded liquid scintillator [36], with a 10 m3
volume, contained in an acrylic vessel. The second liquid layer (ii) is Gd-free
liquid scintillator nicknamed γ-catcher, which detects γ-rays escaping from
the target region. The light output efficiency is tuned to be the same as the
neutrino target in order to reconstruct the neutrino and Gd signal energy
precisely. The volume is 23 m3 and it is contained in the second acrylic ves-
sel. The third liquid layer (iii) is a non scintillating oil called the buffer oil,
which shields the background neutrons and γ-rays from outside and PMT
10
glass. The volume is 110 m3 and it is contained in a stainless steel vessel. (iv)
390 10 inch low-background PMTs [37], which is mounted inside the stainless
steel vessel, detect the scintillation lights from the neutrino target and the
γ-catcher. The set of the subdetectors: (i) to (iv) defines the Inner Detector
(ID). The forth liquid layer (v) is another liquid scintillator, which actively
vetoes the cosmic-ray background. Its volume is 90 m3 and contained in
a stainless steel vessel. This layer is named the Inner Veto (IV) and it is
optically separated from the ID [38]. There are 15 cm thick demagnetized
iron shields outside the tank. Finally the whole upper part of the detector
is covered by a large-area plastic scintillator array (vi), called Outer muon
Veto (OV), which vetoes the cosmic rays that do not hit the active detector
region. The readout system [39] uses 500 MHz 8 bit flash ADC to keep wave
forms for later detailed analyses.
4.2. Neutrino Detection
The reactor νe collides with a proton in the liquid scintillator and performs
the inverse beta decay (IBD) reaction,
νe + p→ e
+ + n. (18)
The diagram of the IBD event is the inverse of the neutron decay. Since the
q2 of the reactor neutrino event is small, the recoil and radiative corrections
are small and the absolute cross section can be obtained precisely from the
neutron lifetime.
The positron emits scintillation light and slows down until it annihilates
with an electron existing around. Therefore, there is a minimum energy
(2me = 1.02 MeV) for the neutrino signal. By setting the energy threshold
below this energy, the error of the detection efficiency from the threshold
uncertainty can be eliminated. Since the recoil energy of neutron is very
small, the original neutrino energy can be obtained from the energy of the
positron signal,
Eν ∼ Ee+ + 0.8 MeV. (19)
This property enables the spectrum analysis of the oscillation.
The produced neutron thermalizes quickly by colliding with protons around.
Approximately 30 µs later in average, the thermal neutron is absorbed by
Gd and the excited Gd isotope emits γ-rays whose total energy is 8 MeV.
n+ Gd→ Gd′ + γs(ΣEγ ∼ 8 MeV) (20)
The γ-rays which escape from the target region are captured by the γ-catcher
scintillator and the original energies of the neutrino and the Gd signals can
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be obtained by the sum of the scintillation lights from both the neutrino
target and the γ-catcher. By setting the energy threshold of Gd signal to be
well below the 8MeV peak, the uncertainty of the detection efficiency of the
Gd signal can be reduced much. The Gd signal happens only in the neutrino
target. The neutrino signal is identified by the delayed coincidence of the
positron signal and the Gd signal. This means that the fiducial volume cut
based on position reconstruction of the signals is not necessary. Therefore,
the uncertainty associated with the fiducial volume definition can be avoided.
For some analyses, we use hydrogen signals requiring
n+H → d+ γ(2.2MeV) (21)
as the delayed signals in addition to the Gd signals. For those analyses,
the systematic uncertainty is slightly worse than the Gd analyses but the
statistic becomes 3 times larger. Since the events in the Hydrogen sample
are completely different from the Gd sample events and independent, the
accuracy of the θ13 measurement improves by combining both information.
4.3. The Near-Far detectors concepts
The Double Chooz experiment measures the νe from the Chooz nuclear
power station. The Chooz power station has two new-generation pressurized
water reactors (PWR) with a thermal power of 4.25 GW each. As explained
before, DC uses two detectors with the identical structure, one near the
oscillation maximum (1.05 km) and the other closer to the reactors (400 m)
where the oscillation is still small. By comparing the data from the near
and the far detectors, the systematic uncertainties of reactor neutrino flux,
neutrino detection efficiency and detector mass, can be largely suppressed.
The two detectors are located close to the iso-flux line, on which the ratios
of the squared distances to the two reactors are the same for the near and
far detectors and the neutrino flux uncertainty caused by possible property
differences between the two reactors are also canceled.
The far detector was completed in 2010 and has been taking data since
then. It was possible to measure the background directly since both reactors
simultaneously turned off two times. The construction of the near detector
was finished in 2014. At the time of this report, the near detector has taken
one year of data and the physics results with both the detectors are expected
to be reported within 2016.
5. Physics Results
As already noted, the Double Chooz collaboration was the first one among
the neutrino reactor experiments to present an indication of non-zero θ13 at
12
LowNu11 conference back on November 2011. This result was published
later in 2012 in Phys. Rev. Lett. [29]. The first results of Daya Bay and
RENO experiments were also published in the same volume [30, 31]. At that
time, 96.8 days of data-taking were used, leading to 4121 IBD candidates,
where 4344 ± 165 events, including backgrounds, were expected. This lack
of number of events was interpreted as due to neutrino oscillations with a
relatively large θ13 value. The no oscillation hypothesis was excluded at the
94.6% C.L. Since then, many efforts and advances were performed by the
collaboration to improve this result and in this section we summarize them
until the current time, defining each DC data-release as: Gd-I [29], Gd-II [40],
H-II [41], Gd-III [42] and H-III [43]. More details on the analysis and results
can be found on these references and in those cited within the next sections.
5.1. IBD Prediction
DC, together with the current reactor neutrino experiments, uses the IBD
reaction, Eq. (18), the same as the classic Cowan-Reines first observation of
the neutrino. To predict the number of IBD events, all the simulation chain
from the nuclear fission process in the reactor core, to the interaction in
the liquids, until the event read out by the electronics is performed. At
the reactor level, the MURE code, fed by the E´lectricite´ de France S.A.
(EdF) parameters, such as the thermal power, computes the fissile isotope
composition and evolution through time [44]. The fission rates are then used
together with the measured and calculated neutrino spectra [45] and IBD
cross section to draw the neutrino energy. Then, both positron and neutron
energy deposition, interaction process and light emission by the scintillator
are simulated with a Geant4 based code with a custom neutron scattering
model. A custom made package deals with the electronic pulse, which is
the output signal from the PMTs, passing by the front-end electronics and
recorded by the flash-ADC boards [35, 37, 39]. The final MC information
has the same format as the data and all the reconstruction (pulse, vertex
position, and energy) algorithms are applied in the same way to both sets.
A high precision in this prediction is sought for since in the first phase of the
experiment, only the far detector is used. Finally, to avoid uncounted factors
on the reactor neutrino flux (such as model imprecision and/or short-ranged
oscillations), DC uses the Bugey4 mean cross-section per fission measurement
as an anchor point [46], where the difference of the reactor fuel compositions
are taken into account.
5.2. Backgrounds
Knowing precisely the backgrounds involved in a neutrino detector is very
important for oscillation analysis. This is especially important in Double
13
Chooz due to relatively shallow overburden. However, several methods to
predict, measure, cross-check and veto the backgrounds were developed in
DC by the analysis efforts.
The backgrounds of DC are divided in three types: accidentals, cosmo-
genic and correlated. Accidentals are two uncorrelated signals that pass the
IBD selection (see Sec. 5.3) mimicking a true neutrino signal. An example
is a gamma radiation from the environment followed by a neutron, produced
by spallation interaction from cosmic muons, captured a few micro-second
later. Its rate is easily estimated by the combination of the prompt and
delayed single signal rates. Moreover, it can be precisely measured by an
off-time method, where after the prompt event, an offset time window of one
second is applied to search for the delayed candidate (adding more windows
for this offset increases the statistics of the method). In this way, not only
the accidental rate, but its prompt signal energy spectrum is measured with
high precision.
When a muon passes through the detector’s surrounding rocks, without
being tagged by either the OV or IV, it can produce multiple neutrons, by
spallation process, that can enter the detector. Since it is scintillator based,
scatterings of protons by a neutron can produce a prompt signal, while the
neutron is thermalized and might be captured also inside the detector within
the coincidence time window, characterizing a correlated background. A
second process of such background is the stopping-muons, since there is an
acceptance hole at the detector chimney, used for source calibration, where a
muon can enter, deposits an amount of energy (prompt) and stops, decaying
with an electron emission (delayed). The OV and IV are powerful tools to
measure the rate and energy spectra of these correlated events. While their
main function is to tag muons entering the ID in an effective way, the IV is
also used to get information of neutrons that also might enter the detector.
The last component of the backgrounds, the cosmogenic one, is composed
of long-lived β-n (beta-neutron) emitters. They are the isotopes 9Li, mainly,
and 8He that are produced inside the ID when a high energy muon interacts
with the carbon of the scintillator, or other heavy nuclei. Since they have a
life-time longer than 100 milliseconds, a time veto after such muons would
increase the dead-time of the detector considerably. However, fits to the time
correlation between IBD candidates and the previous muon, and likelihood
estimations, can be done to evaluate this background contamination.
Giving that the DC uses only two reactors as a neutrino source, there is
a good chance that both reactors stop to operate for a while. This is the
perfect opportunity for a background measurement and confirmation of the
background models described above. In fact, on the last four years, about
seven days of data taking was performed at this configuration [47], and the
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measured data agreed with the background models of all the data releases.
5.3. IBD Candidates Selection
To select the candidates of an IBD in the recorded data, we look for
positron and neutron capture event pairs correlated in time and space, which
strongly suppress the backgrounds caused by single events. Thus, suitable
selection cuts on energy, time difference and distance between reconstructed
vertexes are applied for the event pair. The cuts depend on which type of
analysis is being performed: neutron captures on Gadolinium isotopes (n-Gd,
and main one) or on Hydrogen (n-H), where the main difference is on the
delayed energy, defined by the gammas released after the capture. An extra
cut is the multiplicity, which selects pairs that have only the prompt and the
delayed event in a fixed time window, centred at the prompt event to reject
multiple neutron captures.
Additional variables and cuts are used to further reduce the background
contamination (described in the previous section) keeping the maximum
amount of signal as possible. These multiple vetoes can be summarized as:
FV, OV, IV, Li+He, ANN and MPS vetoes, and they are briefly described in
the next paragraphs. All the IBD selection cuts and vetoes are summarized
in Table 1 for all the DC data releases, where it can also be seen when new
criteria were developed.
Table 1: Comparison between the IBD candidate selection method for the DC data-
sets released so far. The circle (©) means that a veto or cut is in use, while the
cross (×) means it is not.
Gd-I (2011) Gd-II (2012) H-II (2013) Gd-III (2014) H-III (2015)
Prompt [MeV] [0.5, 12.2] [0.7, 12.2] [0.7, 12.2] [0.5, 20] [1.0, 20]
Delayed [MeV] [6.0, 12.0] [6.0, 12.0] [1.5, 3.00] [4.0, 10] [1.2, 3]
Time Correlation [µs] [2.0, 100] [2.0, 100] [10, 600] [0.5, 150] [0.5, 800]
Space Correlation [cm] × × < 90 < 100 < 120
Multiplicity [µs] [-100, 400] [-100, 400] [-600, 1000] [-200, 600] [-800, 900]
FV veto × × × © ©
OV veto × © © © ©
IV veto × × × © ©
Li+He veto × × × © ©
HE Muon Veto × © × × ×
MPS × × × × ©
ANN × × × × ©
FV is the likelihood output of the vertex reconstruction algorithm used
by DC. It tells how likely an event is to be a point-like source. Stopping-µ
events in the chimney tend to show different hit pattern than a point-like
source and hence FV becomes large for such events.
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OV veto (OVV) is based on the independent detector (OV) with a ded-
icated DAQ system. IBD candidates that are time coincident with an OV
signal are rejected.
IV veto (IVV) takes advantage of the fact that the IV is an active volume
surrounding the ID. IV also handles good vertex and timing hit reconstruc-
tion algorithms and are examined to enhance the rejection of accidental back-
ground as explained later in this section. This information is combined with
the ID to reject coincident events, since fast neutrons (fast-n) entering the
detector from outside can deposit some energy in the IV before mimicking an
IBD event. While in the Gd analysis only the IV information is checked for
the prompt candidate, in the Hydrogen analysis both prompt and delayed
IV data are examined to enhance the rejection of accidental background as
explained later in this section.
The Li+He veto is based on a likelihood calculation for each prompt event
and the preceding muon, that takes into account the distance of the vertex
position from the muon track, reconstructed by an especially developed algo-
rithm [48], and the number of neutron candidates following the muon within
one millisecond. Prompt signals that satisfy the cut condition are rejected
as cosmogenic background, where the maximum likelihood is chosen from all
combinations with the preceding muon within 700 milliseconds.
Multiplicity Pulse Shape (MPS) veto was designed to tag fast-n events
as well. They rely on the FADCs recorded pulses to identify small energy
deposits in the ID, which can be due to proton recoils before the main signal
in the FADC window.
Recently, the DC collaboration released a new result on the Hydrogen
neutron capture analysis [43], where the accidental is the main background
but now highly suppressed when compared with the previous analysis and
other experiments. This suppression comes from two new improvements:
the first one is a multi-variable analysis based on Artificial Neural Networks
(ANN), which takes advantage on the fact that the distributions of the de-
layed energy and time and space correlation between prompt and delayed
of the accidental events differ from the IBD ones. The second achievement
is the use of the IV, as explained above, to tag environmental high energy
gammas (mainly from the 206 Thallium isotope) coming from the rocks that
contaminates the prompt and delayed signals in case of n-H candidates. This
tagging method showed to be effective by reducing 25% of the accidentals
after the ANN is already applied.
The power of the vetoes can be seen on the plot of Fig. 5, where they are
applied to the reactor-off data, of the n-H analysis, reducing the background
amount by two orders of magnitude.
Besides the new methods developed, H-III also took advantage of the
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Figure 5: Reactor off spectrum for the n-H analysis, where red points are the reject
events by the vetoes and the blue points are the background events that passed
all the selection criteria. A two order of magnitude of rejection power can be
observed.
achievements of the Gd-III analysis methods, as seen in Table 1 when com-
pared with H-II. The table also shows that while all the cut windows were
enlarged, many vetoes were also included, which improved the IBD detection
efficiency, as seen in Fig. 6.
All the signal and background components of the n-Gd and n-H analysis
are summarized in Fig. 7, where the stacked prompt spectra are shown, while
table 2 shows the integrated rate per day. On the last line of this table, the
signal over background ratio is presented, where an improvement over each
new released can be seen.
Table 2: Comparison between the rates per day [day−1] of the IBD prediction,
background components and data for the DC data-sets released so far. The last
line is the signal over background ratio.
Gd-I Gd-II H-II Gd-III H-III
IBD Prediction 44.9 ± 1.7 36.19 ± 0.96 73.68 ± 2.28 38.05 ± 0.69 66.0 ± 1.3
Accidentals 0.33 ± 0.03 0.261 ± 0.002 73.45 ± 0.16 0.070 ± 0.003 4.33 ± 0.01
Cosmogenic 2.3 ± 1.2 1.25 ± 0.54 2.8 ± 1.2 0.97+0.41
−0.16 0.95
+0.57
−0.33
Correlated 0.83 ± 0.38 0.67 ± 0.20 3.17 ± 0.54 0.604 ± 0.051 1.55 ± 0.15
Data 42.6 36.2 151.12 37.66 69.9
S/B 11.3 15.6 0.9 21.9 9.2
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Figure 6: Comparison between the previous (Gd-II, yellow histograms) and actual
(Gd-III, black circles) IBD selection methods, for the prompt (upper-left) and
delayed (upper-right) energy spectra, and the time correlation (bottom center)
distributions. The insets above each plot show the Gd-III/Gd-II ratio. The im-
provement can be seen in the critical region of the plots (low and high prompt
energy and low time correlation), where the new analysis selects less events, keep-
ing the signal part almost unchanged.
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5.4. Oscillation Analysis
Since its first publication, DC uses a spectral shape and rate fit of the
data, prediction and backgrounds to measure the value of sin2 2θ13. It is
a regular χ2 method where covariances matrices for the systematic shape
uncertainties and pull terms for the known rates and variables. On the last
n-Gd DC publication (Gd-III), this method resulted in
sin2 2θ13 = 0.090
+0.032
−0.029. (22)
Table 3 shows the normalization uncertainties for this measurement, and
also for all the other data-set released so far by the DC collaboration. An
interesting feature is illustrated on the left plot of Fig. 8, that shows the ratio
between the best fit and the non-oscillated spectra. A “bump” is present on
the 4 to 6 MeV and as the figure shows, this feature is also presented in the
independent n-H sample. So far, there is no known background model that
could accommodate this difference. Comparing data with the MC model of
the energy response at this range, also using n-C captures and 12B decay, did
not show any energy reconstruction misbehaviour as well. However, as shown
in the right plot of Fig. 8, a correlation between the excess and the reactor
power was observed, giving an evidence that the current models of reactor
neutrino flux might be insufficient. For the Gd analysis, such excess deviates
from the prediction with a significance of 3σ, and has a rate of 0.60 ± 0.20
(1.23 ± 0.25) events per day when one (two) reactor is running. With the
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Table 3: Comparison of the summary of signal and background normalization un-
certainties (in percent [%]) relative to the signal prediction between the DC data-
sets released so far.
Gd-I Gd-II H-II Gd-III H-III
Reactor Flux 1.8 1.7 1.8 1.7 1.7
Detection Efficiency 2.1 1.0 1.6 0.6 1.0
Cosmogenic 2.8 1.38 1.6 +1.1 / -0.4 +0.86/-0.5
Correlated 0.9 0.51 0.6 0.1 0.2
Accidental < 0.1 < 0.1 0.2 < 0.1 < 0.1
Statistics 1.6 1.1 1.1 0.8 0.6
Total 4.3 2.7 3.1 +2.3 / -2.0 +2.3 / -2.2
Visible Energy (MeV)
1 2 3 4 5 6 7 8
O
bs
er
va
tio
n 
/ N
o-
os
cil
la
tio
n 
pr
ed
ict
io
n
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5 H-III data
Gd-III data
No oscillation
H-III systematic uncertainty
Gd-III systematic uncertainty
Visible Energy (MeV)
3 4 5 6 7
En
tri
es
 / 
0.
25
 M
eV
0
1000
2000
3000
Gd-III
H-II
region of excess
extrapolation of IBD + its backgrounds
Number of Reactor(s) ONONE TWO ONE TWO
Ex
ce
ss
 ra
te
 (/d
ay
)
0
1
2
excess after subtraction
all candidates scaled (same integral)
Gd-III H-II
Figure 8: The reactor neutrino spectrum “bump”. Left: Ratio between the best-
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power and analysis method (statistics).
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addition of the H sample, the excess rate goes to 0.87 ± 0.28 (1.99 ± 0.33)
events per day. Although similar results were reported by other experiments,
this one from DC remains the only one published by the time of writing this
paper7.
DC uses another method of oscillation analysis, the so called Reactor Rate
Modulation (RRM) fit [50]. A fit is performed comparing the predicted IBD
rate with the measured one, at different reactor power regimes. It is compa-
rable to a linear-fit, where the mixing angle is given by the slope angle and
the total background rate by the intercept, i.e., where none IBD is expected.
Therefore, this method is independent of spectral shape information but can
still constrain the background rate in the fit. In addition, the RRM fit is
robust against the spectrum distortion with a constraint from the Bugey4
measurement. The left plot of Fig. 9 shows this method used to fit both the
n-Gd and n-H samples simultaneously, which gives
sin2 2θ13 = 0.088± 0.033. (23)
The parameter space of both data-sets can be seen on the right plot of Fig. 9.
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7When revising this paper, a confirmation of the excess by the Daya Bay collaboration
was published at [49]
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Figure 10 is a summary of the main measurement results on sin2 2θ13
released up to now. It shows all the analysis used so far on the reactor
experiments (Gd or H analysis with a spectral shape or rate only fit), and
the normal or inverted hierarchy (NH and NI respectively) assumptions for
the accelerator experiments. The figure shows a very good agreement among
all experiments and analysis types 8.
The DC collaboration chose to make a two phase experiment, by first con-
structing the far detector using the old Chooz experiment laboratory, and
after its completion and start of data taking, build the Near Detector (ND)
(preceded by tunnel and cave excavation and laboratory built). Figure 11
shows the predicted sensitivity of the experiment, for the n-Gd analysis, with
the operation of the ND. In this figure it can also be seen how the improve-
ments on the data analysis from Gd-II (black line) to Gd-III (light blue line)
impacted the sensitivity on sin2 2θ13. The shaded region represents the range
of improvements expected by the reduction in the systematic uncertainties.
While dominated by statistic uncertainty, the Double Chooz experiment will
decrease considerably the systematic uncertainty in the Near+Far phase. In
addition, DC is the best candidate to have the lowest reactor flux related
uncertainty involved, given that the detectors are placed at nearly equal
reactors iso-flux position [51]. On Table 3, while the first two lines are ex-
pected to vanish almost completely, the background uncertainties, dominant
in the new phase, will decrease as well, since its measurement is based on the
statistics of the data accumulation.
Finally, besides works on neutrino oscillation, the DC collaboration also
released many other interesting physics analysis, such as a test of Lorentz
violation [52], ortho-positronium observation [53], and muon capture on light
isotopes [54].
6. Summary
The reactor measurement of θ13 is a very important part of the neutrino
oscillation studies. Double Chooz initiated the field from the era of the Chooz
experiment. It showed the first indication of the reactor neutrino deficit at
a baseline ∼1 km and is measuring θ13 using high quality data and analysis
techniques. In the near future, it will present a precise θ13 using the near+far
detector data. The high precision θ13 value measured by reactor experiments
will become an indispensable piece of information in the next decades when
8During the last reviewing process of this paper, the Double Chooz collaboration pre-
sented a preliminary near+far result in the Rencontres de Moriond conference, which gives
sin2 2θ13 = 0.111± 0.018.
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Figure 10: Summary of the sin2 2θ13 main measurements released by reactor and
accelerator experiments since 2011. The accelerator results are presented in Nor-
mal or Inverted Hierarchy (NH and NI respectively), while the reactor results are
divided by rate only fit (RO), spectral shape and rate fit (RS) or if the analysis
is based on n-Gd, n-H or a combination of both (Gd+H). The number of days
represents the live-time of each data-release and when the detectors have different
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sents the result with lowest uncertainty delivered by DC so far, the Gd-III analysis.
For each value, its arXiv number is given for quick reference.
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the mass hierarchy and leptonic CP violation are to be measured and insights
into the nature are expected to be deepened.
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